Direct torque control with space vector modulation (DTC-SVM) is one of the most popular methods in the case of permanent magnet synchronous motor drives due to its excellent torque-control capabilities. This method facilitates a very high torque-control dynamic performance which is an especially important requirement in the field of servo-and robotic applications, thus making DTC-SVM a natural choice in these cases. In this article simplified forms of the Improved Modified DTC-SVM (IMDTC-SVM) method that has been introduced in Part 1 are presented and it is proven that these methods have a very high overload-capability as well, they are stable during overload-conditions, while the torque-control dynamics and the torque-ripple generated are practically identical with those of the classical DTC-SVM, the MDTC-SVM and the standard IMDTC-SVM. Although the simplified forms have a somewhat lower overloadcapability than that of the standard IMDTC-SVM, they have a significantly simpler structure, they require much less computation and the tuning of the complete control system is in one case much simpler.
Introduction
Permanent magnet synchronous motors (PMSMs) are nowadays extensively used which can be contributed mainly to their high power-density and high efficiency [1] . They are widely used in electric vehicles [2] , in high-speed drives [3, 4] and in servo drives [5] , along with stepping motors [6] .
Many methods have been developed for controlling the electromagnetic torque of PMSMs. One of these methods is called direct torque control (DTC) which is famous for its excellent dynamic torque-control capabilities in the case of PMSMs, induction motors, etc. [7] [8] [9] [10] [11] [12] [13] . The method has been generalized for network-connected voltage source converters providing an excellent dynamic control of the power flow between the network and the DC-bus [14] [15] [16] [17] [18] . This is called Direct Power Control (DPC) [14] [15] [16] [17] [18] . However, DTC produces excessive amount of torque-ripple during operation along with varying switching frequency [7, 11] , which are undesirable in the case of servoand robot drives. DTC-SVM grants fixed switching frequency and the torque-ripple is significantly reduced compared to DTC, while the dynamics of the torque-control is essentially identical to that of the traditional DTC [19] [20] [21] . Therefore, DTC-SVM is considered as one of the research areas that is currently in the centre of interest within the DTC-topic [22] [23] [24] [25] [26] [27] [28] [29] .
However, the overload-capability of DTC-SVM methods is an issue that has not been thoroughly investigated yet. This article focuses on this issue and proposes two simplified forms of the Improved Modified DTC-SVM (IMDTC-SVM) method that has been introduced in Part 1. The two simplified forms have a significantly higher overload-capability than that of either the MDTC-SVM introduced in [30] or the classical DTC-SVM. Although the simplified forms have a slightly lower overload-capability than that of the standard IMDTC-SVM, they are remarkably simpler in structure, they require significantly less computation and the tuning of the complete control system is in one of the two cases much simpler. This article is intended to continue the thread of [30] and Part 1.
Terminology, notations
The basic equations of permanent magnet synchronous motor drives are well-detailed in [11, 30] . The terminology, the abbreviations and the notations will be the same as in [30] and in Part 1 for detailed information see [30] and Part 1. Also, like [30] and Part 1, this article assumes a surface-mounted permanent magnet synchronous motor.
Simplified forms of Improved Modified DTC-SVM
The general block diagram of the simplified forms of IMDTC-SVM can be seen on Fig. 1 . A simplified form of the improved estimator described in Part 1 (IEST-SF) is used to estimate the variables that are required by a simplified form of the improved predictive controller described in Part 1 (IPC-SF) in order to perform the control algorithm. The IPC-SF computes the voltage vector reference that is synthesized by the two-level voltage source inverter (VSI) using space vector modulation (SVM). (A detailed description of space vector modulation can be read in [11, [30] [31] [32] .) ψ c1 and ψ c2 are the real-and the imaginary axis components of the stator flux vector, respectively. In the case of IMDTC-SVM simplified form XY (SFXY) ψ c1 = ψ x and ψ c2 = ψ y , while in the case of IMDTC-SVM simplified form DQ (SFDQ) ψ c1 = ψ d and ψ c2 = ψ q . Also, it must be noted that the IPC-SF receives the angular position of the rotor (θ) as a parameter instead of the load-angle. The block diagram of the improved estimator in the case of SFXY (IEST-SFXY) can be seen on Fig. 2 , while the improved estimator in the case of SFDQ (IEST-SFDQ) can be seen on Fig. 3 .
The general block diagram of the simplified form of the improved predictive controller (IPC-SF) can be seen on are sinusoidal in steady-state the utilization of I-terms in the controllers is disadvantageous. The gain of the two P-type controllers must be set to equivalent values otherwise asymmetry is caused in the voltage vector reference. This means that the tuning of the control system of IMDTC-SVM SFXY is significantly easier than that of the standard IMDTC-SVM because -except for the ψ ref -controller -there is only one parameter to set whereas in the case of standard IMDTC-SVM there are four parameters to set (due to the two PI-type controllers). Also, there is no limitation applied in the flux vector controller of SFXY, thus the amplitude of the voltage vector reference is limited in the voltage vector calculator only (this type of limitation is applied in the other forms of DTC-SVM as well: in classical DTC-SVM, in MDTC-SVM and in all forms of IMDTC-SVM).
The flux vector controller of SFDQ is more complex than that of the SFXY. It uses PI-type controllers which means that the tuning of the control system is more difficult than in the case of SFXY. The two PI-type controllers synthesize the two components of the voltage vector reference (v d,r , v q,r ) that -after a transformation into the stationary reference frame -are fed to the voltage vector calculator (v x,r , v y,r ). Also, there is a limit bit which is used for halting the integration in the PI-type controllers if the amplitude of the voltage vector reference has reached the limit set in the voltage vector calculator (this limit is the DC-bus voltage divided by 3 due to the fact that SVM is used to synthesize the voltage vector reference).
The AVVC SF is the same as AVVC in Part 1, except that instead of Eqs. (10), (11), (14) and (15) 
If the absolute value of the speed is greater than the prescribed limit the following equations are used instead of Eq. (14) and Eq. (15) in Part 1:
4 Simulation results for torque-ripple and torquecontrol dynamics Simulation was carried out for a synchronous servo motor in Matlab-Simulink environment, using the same parameters as in [30] and Part 1. The parameters can be found in Table 1 of [30] . Investigations were carried out for the normal operation region only. The simulation used the same optimized switching strategy for space vector modulation as in [30] and Part 1. Current-limitation was also implemented during the investigations in the same way as in [30] and Part 1. Current-limit was set to 600 % of the nominal current during the simulations like in [30] and Part 1. m limit was set to 6.2 Nm in the case of SFXY, while in the case of SFDQ it was set to 6.4 Nm. The simulated process is the same as in section 4 of Part 1, except that the torque-reference is limited to 7.5 Nm. Fig. 8 shows the torque-reference and the electromagnetic torque vs. time for a 3000 rpm speed-reference in the case of SFXY, while Fig. 9 shows the same for SFDQ. The time is given in milliseconds on the horizontal axis of both figures. Table 1 and Table 2 show the results for the RMS of the torque-ripple in percentage of the mean-torque for SFXY and SFDQ, respectively.
According to Table 1 and Table 2 of this article and Table 1 of Part 1 there is no significant difference between IMDTC-SVM SFXY, IMDTC-SVM SFDQ and standard IMDTC-SVM in regard of the RMS of the torque-ripple. Also, based on Fig. 8 and Fig. 9 of this article and Fig. 10 of Part 1 it can be concluded that the torque-control dynamic performance of the three methods is practically identical. Also, it can be concluded from the former statements and section 4 of Part 1 that there is no significant difference between IMDTC-SVM SFXY, IMDTC-SVM SFDQ, MDTC-SVM and classical DTC-SVM from the point of view of the torque-ripple generated and the torque-control dynamic performance.
5 Overload-capability of the simplified forms Investigations were carried out with the same parameters as in Section 4 (same current limit, etc.). The simulated process is the following: there is a speed-reference step of 3000 rpm value at 0 ms and then a load-torque step of 6.5 Nm value at 50 ms. The torque-reference is limited to 7.5 Nm in both cases. The time is given in milliseconds on the horizontal axis of all figures. Figs. 10-14 show the results for SFXY, while Figs. 15-19 show the results for SFDQ.
As it can be seen on Fig. 10 and Fig. 15 both SFXY and SFDQ are able to compensate for the load-torque step, which means that both methods have a significantly higher overload-capability than that of the MDTC-SVM, which is able to compensate for a maximum of 5.5 Nm loadtorque step only [30] .
According to Fig. 11 and Fig. 16 the electromagnetic torque equals to the load-torque in steady-state in both cases. However, after the load-torque step has been compensated, the electromagnetic torque is practically equal to the torque-reference in the case of SFDQ, while in the case of SFXY the torque-reference is greater than the electromagnetic torque. The latter can explained by the fact that the ψ ref -controller is already active (m limit is 6.2 Nm and the load-torque is 6.5 Nm) and the flux vector controller uses P-type controllers. Due to the fact that both the ψ ref -controller and the flux vector controller are using P-type controllers they require nonzero error-signal in order to produce nonzero output. Therefore, the torque-reference is raised by the speed-controller (which is a PI-type controller), in order to make the compensation possible. This applies in the case of normal operation (no overloading) as well because the flux vector controller uses P-type controllers (see Fig 8) . However, in the case of SFDQ the ψ ref -controller is barely active (m limit is 6.4 Nm and the load-torque is 6.5 Nm) which means that the difference between the electromagnetic torque and the torque reference is so small that it is covered by the ripples of the electromagnetic torque and thus it is invisible on Fig. 16 . However, the activation point of the ψ ref -controller can be noticed on both Fig. 11 and Fig. 16 which is when the slope of the rising electromagnetic torque changes. Fig. 12 and Fig. 17 show the flux controlling capabilities of the two methods. In the case of directly by the reference controller and because the two components form a right triangle (see Fig. 1 in Part 1) the reference load-angle is unable to reach 90° (implicit limitation). Fig. 14 and Fig. 19 show the d-and the q-components of the stator current vector for both methods. It can be noticed on both figures that the shape of i q is the same as that of m in both cases due to the linear relationship between i q and m.
Finally, in order to demonstrate the stability of SFXY and SFDQ during overload-conditions, Figs. 20-23 show the simulation results for a process which consists of a speed-reference step of 3000 rpm at 0 ms and a loadtorque step of 7.6 Nm at 50 ms. Although the 7.6 Nm is approx. 10 % higher than the maximum load-torque step that can be compensated on 3000 rpm in the case of both methods (see Table 3 ), SFXY and SFDQ do not collapse, they try to compensate for the load-torque. Table 3 shows the overload-capabilities of IMDTC-SVM SFXY and SFDQ. The indicated values are the maximum load-torque steps that can be compensated on the specific speed with each method (these are expressed relative to the nominal torque of the motor in the brackets). Due to the fact that the simulation environment, the simulation parameters, etc. were the same as in [30] and Part 1 the results are comparable with those of the other DTC-SVM methods. The values indicated in Table 3 are given for one decimal place only (without rounding up) due to the very high overload-capability.
A comparison of overload-capabilities
According to Table 3 of this article and Table 2 According to Table 3 the difference between the overload-capabilities of SFXY and SFDQ is small. This difference can be explained by the fact that in the case of SFDQ PI-type controllers are being used in the flux vector controller, while in the case of SFXY only P-type controllers are being used in the flux vector controller. However, the overload-capabilities of the simplified forms are slightly smaller than that of the standard IMDTC-SVM. This can be explained by the fact that the stator flux vector itself is dependent on the poleflux-vector ψ ψ = + ( ) p d L i , ψ d and ψ q are both dependent on the stator current vector (this is true for ψ x and ψ y as well) which means that there is a coupling between the two components and thus in this case it is the best / most decoupled solution if the amplitude of the stator flux vector and the load-angle are controlled by separate controllers. The aforementioned small disadvantage comes along with the advantages that the simplified forms are remarkably simpler in structure, they require significantly less computation and the tuning of the complete control system in the case of SFXY is much simpler.
Conclusions
In this article simplified forms of Improved Modified DTC-SVM (IMDTC-SVM) introduced in Part 1 have been invented. It has been demonstrated that the simplified forms have a very high overload-capability, surpassing even that of the MDTC-SVM introduced in [30] and the classical DTC-SVM. The increase is significant in both cases, approximately 25 % for both methods compared to MDTC-SVM and approximately 85 % for both methods compared to classical DTC-SVM. Also, the simplified forms are stable during overload-conditions as well.
In addition, it has been concluded that there is no significant difference between all forms of IMDTC-SVM, classical DTC-SVM and MDTC-SVM from the point of view of the torque-ripple generated and the torque-control dynamic performance.
The simplified forms can be effectively used in applications where a slightly lower overload-capability than that of the standard IMDTC-SVM is acceptable but lower computation requirements and a simpler control structure are advantageous. Also, in applications where a simple tuning procedure of the complete control system is advantageous, the utilization of IMDTC-SVM SFXY is recommended.
